single-cell Dna sequencing methods are challenged by poor physical coverage, high technical error rates and low throughput. to address these issues, we developed a single-cell Dna sequencing protocol that combines flow-sorting of single nuclei, time-limited multiple-displacement amplification (MDa), low-input library preparation, Dna barcoding, targeted capture and next-generation sequencing (nGs). this approach represents a major improvement over our previous single nucleus sequencing (sns) Nature Protocols paper in terms of generating higher-coverage data (>90%), thereby enabling the detection of genome-wide variants in single mammalian cells at base-pair resolution. Furthermore, by pooling 48-96 single-cell libraries together for targeted capture, this approach can be used to sequence many single-cell libraries in parallel in a single reaction. this protocol greatly reduces the cost of single-cell Dna sequencing, and it can be completed in 5-6 d by advanced users. this single-cell Dna sequencing protocol has broad applications for studying rare cells and complex populations in diverse fields of biological research and medicine. to be multiplexed in parallel in a single sequencing lane of the HiSeq 2000 instrument (Illumina), thereby reducing cost and time for processing samples. In this previous study, we showed that SNES can achieve 95.94% of coverage breadth of the exome in single cells, low ADRs of 21.52% and high detection efficiencies of 92.37% for SNVs in an isogenic population. Moreover, we show that SNES can be applied to sequence either G1/0 or G2/M cells, thereby enabling its application to sequencing normal cells with low proliferation rates. However, it is important to consider that biasing toward G2/M cells may miss profiling cells with low proliferation rates.
IntroDuctIon
The development of NGS methods has greatly improved our understanding of genomics in many fields of biology and medicine 1 . As the cost of NGS continues to decrease, it is now feasible to perform large-scale sequencing studies, such as The Cancer Genome Atlas (TCGA) and the 1000 Genomes Project, that aim to discover novel mutations and variants in large patient cohorts [2] [3] [4] [5] . Although NGS can identify genomic differences between individual patients, the genomic differences within individual samples is often missed 6 . The central issue is that NGS methods require micrograms of DNA as input material, and these bulk samples consist of millions of cells. Consequently, the data generated from NGS methods often reflect an average signal from a complex population, and therefore they cannot accurately resolve population substructure. This problem is particularly acute in heterogeneous populations of cells, such as tumors in which genomic intratumor heterogeneity is common [7] [8] [9] . To address this problem, single-cell DNA sequencing methods have been developed, and they have shown great utility in resolving intratumor heterogeneity and reconstructing clonal evolution during tumor growth [10] [11] [12] [13] [14] [15] . For a detailed review of single-cell sequencing (SCS) applications in cancer and other fields, please refer to review articles (refs. 16-20) .
Development of the protocol SCS protocols can be broken down into three stages: (i) singlecell isolation, (ii) genome or transcriptome amplification and (iii) NGS.
A number of methods have been developed to accomplish all of these stages, and the most appropriate approach will depend largely on the sample type. Although most studies sequence DNA obtained from whole cells, this protocol involves sequencing DNA from single nuclei. This approach has the major advantage of allowing single-cell information to be obtained from archival frozen tissues, in which the cell surface structure is ruptured during the freeze-thaw cycle but the nuclear membrane remains intact. Sequencing from nuclei is also advantageous for fresh tissues for which the physical separation of single cells is difficult, such as brain tissues.
The first published single-cell DNA sequencing method, SNS, combined flow-sorting of nuclei, degenerate-oligonucleotideprimer PCR (DOP-PCR) and sparse NGS to measure copy number profiles of individual cells at high (54 kb) resolution 21 . A detailed protocol for SNS was previously published in Nature Protocols 22 . Although it is effective for measuring copy number in large intervals, DOP-PCR is inherently limited to the generation of sparse coverage data (~10% of the genome), which does not provide sufficient data to measure genome-wide mutations that differ between single cells at base-pair resolution.
To improve coverage performance, we developed a method called Nuc-seq, to perform whole-genome SCS 23 . With this method, we have shown that it is possible to detect singlenucleotide variants (SNVs) and small insertions/deletions (indels) in individual mammalian cells at genomic resolution. The Nuc-seq method combines flow-sorting of single cells, timelimited MDA using 29, library construction using Tn5 transposases, limited PCR amplification and Illumina sequencing to generate high-coverage (>90%) data sets from single-cell genomes. In this approach, we flow-sort single nuclei in the G2/M phase of the cell cycle, which doubles the starting amount of input DNA (four copies of the genome), thereby increasing the probability of amplifying both variant alleles during whole-genome amplification (WGA). Our data showed that sequencing G2/M cells increases the detection efficiency for SNVs by 5.66% and reduces the allelic dropout rate (ADR) by 9.30%, which are the major sources of technical error in SCS methods. This method also greatly improved the physical coverage performance to more than 90% for SCS, which is due to the use of a 29 bacteriophage polymerase for WGA by MDA.
We further improved our SCS method by developing singlenucleus exome sequencing (SNES) to eliminate the use of transposase and its associated integration bias 24 . By capturing the exonic regions of the genome, SNES enabled more single cells to be multiplexed in parallel in a single sequencing lane of the HiSeq 2000 instrument (Illumina), thereby reducing cost and time for processing samples. In this previous study, we showed that SNES can achieve 95.94% of coverage breadth of the exome in single cells, low ADRs of 21.52% and high detection efficiencies of 92.37% for SNVs in an isogenic population. Moreover, we show that SNES can be applied to sequence either G1/0 or G2/M cells, thereby enabling its application to sequencing normal cells with low proliferation rates. However, it is important to consider that biasing toward G2/M cells may miss profiling cells with low proliferation rates.
In the current protocol, we have further refined SNES by using DNA barcoding to multiplex 48-96 single cells into single sequencing reactions to further increase throughput and to reduce costs of SCS. This is achieved by performing targeted capture on a panel of 200 cancer-associated genes, resulting in high coverage depth (average 255×) and reducing the cost of sequencing. This protocol can readily be adapted to any targeted capture panel to genotype hundreds of single cells in parallel. The protocol can be applied for the analysis of G2/M cells or cells at any stage of the cell cycle.
In summary, the high-coverage SNS approach using MDA described in this protocol was optimized to increase physical coverage, and it is distinct from the previous SNS protocol that uses DOP-PCR for WGA 22 . MDA results in high coverage breadth, but at the cost of nonuniform amplification, and thus it is recommended for the detection of point mutations and indels at base-pair resolution. In contrast, the DOP-PCR amplifies the genome more uniformly but at sparse (~10%) targeted regions during PCR.
Therefore, we recommend using the protocol reported here to detect point mutations and indels, while using the SNS protocol 22 for detecting copy number profiles by read counting from sparse coverage depth.
Overview of the experimental procedure Nuclear suspensions are prepared from fresh or frozen tissue and stained with NST-DAPI buffer for flow-sorting. Direct comparisons of DAPI-stained nuclei versus unstained nuclei show no differences in the technical error rates. Nuclei are gated by total DNA content into G1/0 or G2/M populations and deposited singly into a 96-well plate containing lysis buffer. Genomic DNA from individual nuclei is amplified by MDA using the 29 polymerase and modified random hexamers (see Reagents). Quality control (QC) for WGA efficiency is performed by qPCR or PCR using a panel of 22 chromosome-specific primers, and only single cells with >20 amplicons are selected for library preparation and NGS. Illumina sequencing libraries are constructed by TA cloning using the New England Biolabs (NEB) library preparation reagents. The protocol describes in detail the DNA library preparation, barcoding and the purification and quantification steps. During the ligation step, we add unique 8-bp barcodes in order to multiplex libraries together before targeted capture. The process for generating barcoded adapters is described in Box 1. For experiments in which commercial kits are used, we follow the manufacturers' protocols with minor modifications. The barcoded libraries are then pooled for targeted capture of genomic regions. Targeted capture can be performed using a variety of platforms from different manufacturers. We provide a detailed protocol for targeted capture of a 1-Mb cancer gene panel that was synthesized by Roche NimbleGen. The captured libraries then undergo a final PCR enrichment step to amplify sufficient DNA for NGS on the Illumina platform. An overview of the protocol is shown in Figure 1 .
Overview of the data analysis procedure
The FASTQ file containing all of the NGS data is demultiplexed into individual FASTQ files using our in-house software (deplexer.pl). Individual FASTQ files are aligned to the human genome reference assembly GRCh37 (HG19) using Bowtie 2, and they are converted to BAM files using SAMtools 25, 26 . BAM files are then processed by Picard to remove PCR duplicates. Re-alignment is performed around indel regions using the Genome Analysis Toolkit (GATK) 27 . Sequencing reads with mapping quality lower than 40 are removed. To calculate coverage metrics, we use an in-house Perl script (cal_coverage_metrics.pl; Supplementary Software), which uses BEDTools to get coverage depth at each site and to calculate overall coverage depth and coverage breadth 28 . After running GATK to perform variant calling, we generate a multi-cell VCF file. Subsequently, GATK is run to perform variant quality score recalibration on the VCF file. We then filter mutations
Box 1 | Generation of barcoded sequencing adapters
Illumina sequencing adapters are designed with 8-bp barcodes to allow multiplexing of single-cell libraries. The adapters consist of two semicomplimentary sequences labeled as P5 and P7. The P7 adapter contains a unique 8-bp barcode, whereas the P5 adapter contains a universal adapter sequence. The single-stranded oligonucleotides must be hybridized together to form a double-stranded sequence that can be used for adapter ligation to the single-cell DNA.
To create barcoded adapters, users must first order the following sequences. P5 adapter: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC*T Barcoded P7 adapter: #GATCGGAAGAGCACACGTCTGAACTCCAGTCACGCCAAGACATCTCGTATGCCGTCTTCTGCTTG The P5 sequence contains a 3′ phosphorothioate linkage between the last two nucleotides (indicated by *). P7 sequence contains a 5′ phosphate group (indicated by #) and an 8-bp barcode sequence (underscored). In order to multiplex 48-96 samples, individual P7 adapters with unique barcodes need to be synthesized (supplementary table 2). The user will need to prepare a series of double-stranded adapters by hybridizing unique P7 and universal P5 adapters for each of the 48-96 barcodes.
To generate working barcoded adapters for library construction, P5 adapter and barcoded P7 adapter will need to be annealed together. First prepare a 10 nM mixture of both the P5 and P7 adapters in Tris-HCl. Place the mixture in thermocycler at 95 °C for 5 min, followed by a 1 °C decrease every 2 min, until the final temperature ramps down to 25 °C. Annealed barcoded adapters can be aliquotted in multiple tubes for storage at −20 °C for up to 1 year.
that are only detected in one single cell. We filter mutations in clustered regions, in which multiple mutations are detected within a 10-bp window. Finally, we annotate the variants using ANNOVAR to classify them as synonymous, nonsynonymous, intergenic, splice-site variants, frameshift or nonframeshift, and to estimate the damaging effect on protein function using SIFT and PolyPhen scores [29] [30] [31] . The outline of the data processing pipeline, variant detection and annotation steps are shown in Figure 2 . Software and scripts we developed and used for data analysis are provided as Supplementary Software.
Applications of the protocol
This protocol has applications in many broad fields of biology and medicine for investigating genomic diversity in complex populations, and profiling rare cells. Fields with major applications include neurobiology, immunology, microbiology, development and cancer research. Clinical applications include prenatal genetic diagnostics, cancer diagnostics and noninvasive monitoring [7] [8] [9] . In cancer research, these protocols have a number of applications for studying transformation, invasion, metastasis and chemotherapy resistance evolution 16, 32 . Several studies have already shown the value of applying SCS methods to the study of circulating tumor cells in the blood in order to understand metastasis and clinical applications for noninvasive monitoring 6 . However, most of the aforementioned applications are speculative, and they have not yet been investigated. In our own work, we have applied these tools to the study of intratumor heterogeneity and mutational evolution in primary breast cancer patients and genomic mosaicism in normal fibroblast cell lines 23 .
Alternative methods for single-cell DNA sequencing Several other approaches have been developed for DNA SCS. The Beijing Genome Institute (BGI) developed an MDA-based approach, which showed high ADRs of 46% for SCS of exomes 14 . Another method called multiple annealing and looping-based amplification cycles (MAlBAC) was developed that circularizes DNA molecules by combining an MDA and DOP-PCR approach 33 . MAlBAC performs WGA using both a Bst polymerase with no proofreading activity and a PyroPhage polymerase with proofreading activity. Consequently, the false-positive error rate is substantially increased compared with WGA protocols that use only 29 for MDA. Our own group has developed protocols for single-cell copy number profiling (SNS) that combine flow-sorting of nuclei, DOP-PCR and NGS 21, 22 . In general, the data from these methods suggest that DOP-PCR-and MAlBAC-based approaches provide better data for detecting copy number profiles, whereas the MDA-based approaches are better for detecting DNA mutations at base-pair resolution (point mutations and indels) 16, 17 . In our previous study, we determined that 3 h of WGA using 29 is the optimal time frame for producing sufficient DNA from single cells for preparing NGS libraries 24 . However, users can optimize the amplification time to obtain more or less DNA for different downstream applications.
Limitations of the protocol
To avoid sequencing WGA reactions that consist of bacterial DNA, or WGA reactions with poor uniformity of coverage, it is important to perform a QC step in the protocol, in which 22 chromosome-specific primers are used to amplify DNA from each single-cell WGA reaction (Fig. 4) . Alternatively, users may choose a smaller subset of these primer pairs (e.g., n = 8 or n = 12) or use a 384-well plate to increase throughput in larger sample sets. Single cells with poor WGA performance (<20 amplicons) should be excluded from subsequent library construction and NGS analysis. For standards used in the qPCR QC step, we use genomic DNA that has been previously analyzed using a fluorimeter (e.g., Qubit, life Technologies).
Add passcode 121
Cluster filtering 120 Sonication. To construct sequencing libraries, genomic DNA must first be sheared into suitably sized fragments; we achieve this using an acoustic sonicator. We have determined that 250 bp is the optimal fragment size for hybridization to 100-mer probes during targeted capture (Fig. 5) . However, users can choose to increase or decrease the fragment size for specific experimental needs. Table 1 lists the parameters for obtaining different fragment sizes from 29-amplified DNA using the Covaris Sonicator S220 (see also the manufacturer's user guide). Alternatives to acoustic sonication for fragmenting DNA include the use of DNA fragmentase enzymes or nebulization.
Targeted capture and sequencing output. To multiplex 48-96 single cells into one sequencing lane, libraries must be barcoded with an 8-bp sequence, pooled together and captured in a single targeted capture reaction. When only a few samples are multiplexed (such as in exome capture), the selection of barcodes must be pooled in specific combinations to ensure index diversity during NGS on the Illumina platform. In the final combination of the barcode pooling, each nucleotide position must contain at least one A or C and one G or T (Supplementary Table 1 ).
In our protocol, we implemented a panel of 200 cancerassociated genes that was previously developed by Chen et al. 35 . We use capture probes synthesized by Roche NimbleGen; however, users can choose a different gene-capture panel according to their experimental requirements. Currently, our capture region is 1 Mb. Users can design a larger capture region at the cost of decreasing coverage depth. To address this issue, users can multiplex fewer cells to maintain the optimal coverage depth for detecting variants. The data shown in the ANTICIPATED RESUlTS section are generated from an Illumina HiSeq 2000 sequencing machine. If the user performs NGS using an updated machine (e.g., Illumina HiSeq 3000), the sequencing output will be higher, allowing for a larger capture region while maintaining the same cell number.
Sequencing metrics evaluation. After sequencing, basic sequencing metrics should be calculated and the quality of the single-cell data should be assessed, including the number of reads per cell, PCR duplicates, coverage uniformity and coverage depth. In addition, the user may want to determine the technical error rates of their approach using an isogenic cell line. Below we describe how to calculate technical error rates (the ADR and the false-positive rate (FPR)) and detection efficiencies. In these calculations, both sites (reference and single cell) require a minimum of 6× coverage depth to call variants.
The ADR is defined as the mean fraction of homozygous sites in the single-cell samples (Hom s ) in which the matched population reference sample is heterozygous (Het p ) at the same nucleotide site. The detection efficiencies can be calculated from the VCF4 variant files after the filtering steps are performed. The filtered VCF4 file must first be partitioned into a separate file for SNVs. For each line in the VCF file, we then add a binary string indicating the absence or presence of each variant in the single-cell samples or the reference population sample. For each variant site in the population sample, we identify variant sites in the single-cell samples in which sufficient coverage depth (≥6×) is present. From the binary string, we determine whether the variant is present or absent in each single cell relative to the population reference sample. We define each variant as being detected if the reference allele is AB and the single-cell data are either AB or BB. The mean detection efficiencies for indels and SNVs are then computed across all of the single-cell samples.
Data analysis.
The bioinformatics pipeline is designed and optimized for single-cell DNA sequencing data. Because SCS methods often have errors that are higher than conventional sequencing techniques, we have incorporated several optimization and filtering steps in the variant calling pipeline. For samples mapped with Bowtie 2, we typically find that >70% of reads from SCS experiments have mapping quality scores ≥40. To prevent detecting errors generated from sequencing, we filter out reads with poor mapping quality that are lower than 40; this cutoff can be adjusted at Step 114 according to specific experimental preferences.
In this protocol, we describe the steps to calculate coverage metrics.
Step 116 uses an in-house Perl script (cal_coverage_ metrics.pl) to calculate coverage breadth and coverage depth using SAMtools and BEDTools. This protocol uses a BED file for the gene-capture panel of 200 cancer-associated genes (IPCT; Supplementary Data). Users will need to replace the BED file with their own targeted cancer gene panel or exome capture region file, depending on the targeted capture platform that was used.
A common technical artifact in SCS data is a genomic region with clusters of false-positive (FP) mutations due to poorly mapped regions. To remove these FP artifacts, we filter out 'clustered regions' from the VCF files in which more than one SNV or indel is detected within a 10-bp window using a custom Perl script (filter_clustered_mutations.pl) at Step 120. Users can decide to adjust the 10-bp window size for cancers in which very high mutation frequencies are expected, or they can skip this step altogether if too many variants are being filtered. •  crItIcal step Filters may clog during the process, in which case they will need to be replaced with a new filter.
Flow-sorting and genome amplification of single nuclei • tIMInG 5 h 2|
Add 150 µl of lysis buffer and 225 µl of sterile PBS to a 1.5-ml tube and vortex to mix the contents. Add 3.5 µl per well of this mixture into a 96-well plate. Cover the plate with adhesive sealing sheet, and place it on a cold block until flow-sorting at Step 8. This mixture provides additional volume to account for pipetting error.
3| Flow-sort 100 beads (fluorescent particles, Spherotech) onto a sealed empty 96-well plate based on forward and side scatter to calibrate the X and Y coordinates for deposits.  crItIcal step This step is important to ensure that cells are accurately deposited into each well.
4|
Remove the beads from the cytometer and replace them with a 5-ml Falcon tube of water. Flow the water through the machine for 1 min to wash.
5|
Replace water with a 5-ml Falcon tube of nuclei sample (from Step 1). Once the flow-sorting of nuclei has started, set up a plot for DAPI area and DAPI height to gate singlet populations and to exclude doublet nuclei according to 11| Place the plate on a cold block (−20 °C) and pipette 1.5 µl of neutralization buffer into each well. Vortex gently and spin at 130g for 30 s at RT. Step 13 with 500 µl of DNA binding buffer (from Zymo kit) in a 1.5-ml Eppendorf tube.
12|

18|
Transfer the mixture to a Zymo-spin column. Centrifuge for 1 min at RT at maximum speed (13,000g). Discard the flow-through 19| Add 200 µl of wash buffer to the column. Centrifuge the mixture at maximum speed for 1 min at RT.
20|
Repeat the wash (Step 19) one more time for a total of two washes.
21|
Discard the collection tube and transfer the column to a clean 1.5-ml tube.
22| Add 30 µl of elution buffer directly to the column membrane. Incubate the mixture at RT for 5 min.
23|
Centrifuge the mixture at maximum speed for 2 min at RT. 31| Perform column purification as described in Steps 18-21.
32| Add 22 µl of elution buffer directly to the column membrane. Incubate the mixture at RT for 5 min.
33|
Centrifuge the mixture at maximum speed (13,000g) for 2 min at RT.
34|
Transfer ~21 µl of eluted DNA to a 0.2-ml PCR tube strip. 41| Add 50 µl of AMPure beads to the sample from Step 39. Pipette to mix the contents. The total volume should now be 100 µl.
42|
Incubate the mixture at RT for 10 min. Pulse-spin it using a microcentrifuge.
43|
Place the PCR strip on 96-well magnetic plate for 5 min, and then discard the supernatant by pipetting.
44|
Add 200 µl of 80% (vol/vol) ethanol and incubate the mixture at RT for 30 s. Discard the supernatant by pipetting. Repeat this step one more time for a total of two washes.
45|
Use a P20 pipette to pipette out and discard the residual supernatant. Air-dry for 10 min on a magnetic plate.
46|
Remove the PCR strip from the magnetic plate and add 22 µl of elution buffer; pipette up and down ten times to mix.
47|
Incubate the mixture at RT for 5 min.
48|
Place it on the magnetic plate for 5 min and then transfer 20 µl of the supernatant to a new 1.5-ml tube.  pause poInt Store it at −20 °C until use for no longer than 1 week.
barcoded library construction library amplification • tIMInG 1 h 49| Perform library amplification by adding the components below.
component amount per reaction (ml) Final
Purified sample from
Step 48 20 NEBNext high-fidelity 2× PCR master mix 25 1×
Adapter PCR primers (10 µM) 5 1 µM
Final volume 50
50|
The final volume should now be 50 µl. Gently vortex and pulse-spin the mixture.
51|
Perform PCR using the following conditions. Step 51, and purify as described in Steps 41-45.
53|
Remove the tube from the magnetic plate and add 32 µl of elution buffer; pipette the mixture up and down ten times to mix.
54|
Incubate the tube at RT for 5 min.
55|
Place it on the magnetic plate for 5 min, and then transfer 30 µl of the supernatant to a new tube.
qpcr quantification • tIMInG 2 h 56| Thaw the reagents from the KAPA library quantification kit. Transfer 1 ml of primer premix to the SYBR Green solution. Vortex to mix.
57|
For each library, dilute 1 µl of library in 999 µl of 0.05% (vol/vol) Tween 20, creating a 1:1,000 dilution.
58|
Add the following components onto a MicroAmp optical reaction 96-well plate and seal it using ThermalSeal RT2 film. Gently vortex and pulse-spin the plate. Note that standards should be included in duplicate. Final volume 20 20 20 59| Perform qPCR using the following conditions. 
65|
Gently vortex and pulse-spin the mixture. Put the tube on a heat block for 10 min at 95 °C.
66| Pulse-spin and transfer 10.5 µl of the sample to a 0.2-ml PCR tube.
67| Add 4.5 µl of Roche NimbleGen targeted capture to the tube. Flick the tube to mix and pulse-spin it.
68|
Incubate the sample in a PCR block at 47 °C for 64-72 h. Set the lid to 57 °C.
targeted Dna capture: wash • tIMInG 2 h 69| Turn on the water bath to 47 °C.
70|
Equilibrate the SeqCapEZ hybridization and wash kit and pure capture bead kit to RT for at least 30 min before use.
71| Dilute the following wash buffers. 72| Put 400 µl of diluted 10× stringent wash and 100 µl of diluted wash buffer 1 in a preheated 47 °C water bath.
73|
Vortex and place 100 µl of SeqCap EZ capture beads in a new 1.5-ml tube.
74|
Place it on a six-tube magnetic stand. Remove the supernatant.
75|
Add 200 µl of diluted bead wash buffer and vortex it for 10 s. Place the tube on a magnet and remove the supernatant.
76| Repeat
Step 75 once more.
77| Repeat
Step 75 with 100 µl of bead wash buffer.
78|
Keep the beads in a 1.5-ml tube and quickly transfer the hybridization reaction from the PCR block (Step 68) to the beads.
79|
Pipette to mix and leave the tube in a 47 °C water bath for 45 min. Vortex the mixture every 15 min.
80|
Add 100 µl of heated diluted wash buffer 1, and then pipette to mix.  crItIcal step Steps 81-84 should be performed quickly using the water bath. Place the magnet next to the water bath at RT.
81|
Place the tube on the magnet for 5 s. Remove the supernatant.
82|
Add 200 µl of heated diluted stringent wash buffer. Pipette to mix, and incubate the mixture in the water bath for 5 min.
83|
Place it on the magnet for 5 s. Remove the supernatant.
84|
Repeat Steps 82 and 83.
85| Add 200 µl of diluted RT wash buffer 1 and vortex it for 2 min. Pulse-spin the mixture briefly.
86|
Place it on the magnet and remove the supernatant.
87|
Add 200 µl of diluted RT wash buffer 2 and vortex it for 1 min. Pulse-spin the mixture briefly.
88|
Place the tube on the magnet and remove the supernatant.
89|
Add 200 µl of diluted RT wash buffer 3 and vortex the mixture for 30 s. Pulse-spin briefly.
90|
91|
Add 50 µl of water to the resuspend beads.  crItIcal step Users do not need to elute samples from beads before PCR (Step 92).
targeted Dna capture: pcr • tIMInG 2 h 92| Add the following components to perform PCR for captured libraries.  crItIcal step Adapter PCR primer concentration is different from the adapter PCR primer concentration used during library construction at Step 49.
93|
Split the mixture into two reactions in 0.2-ml PCR tubes with 100 µl each.
94| Perform PCR on the reactions from
Step 93 using the following program. Step 94 into a 1.5-ml tube.
96| Add 360 µl of AMPure beads to the tube and incubate the mixture for 15 min at RT.
97|
Place it on a six-tube magnet stand for 3 min and remove the supernatant.
98|
Add 600 µl of 80% (vol/vol) EtOH to wash the beads. Incubate the beads for 30 s. Remove and discard the supernatant. Repeat this wash step once more.
99|
Use a P20 pipette to remove the remaining supernatant, and allow the beads to air-dry on the magnet for 10 min
100|
Resuspend the beads in 32 µl of water. Incubate the mixture at RT for 5 min.
101| Place the tube on the magnet for 5 min and transfer 30 µl of the supernatant to a new 1.5-ml tube.  pause poInt Store it at −20 °C until use for no longer than 1 year.
qpcr quantification • tIMInG 2 h 102| Perform library quantification as described in Steps 57-60.
103|
Use the average of the duplicate sample data points to determine the concentration of the sample within the range of the standards. $ /file_path/annovar_hg19/annotate_variation.pl -filter -dbtype clinvar_20140929 -buildver hg19 /file_path/tmp.avinput /file_path/annovar_hg19/humandb/  crItIcal step All the annotation results from Steps 122-129 are combined into one text file using the run_anovar.pl script. For SNPs, the script then extracts the results for synonymous, nonsynonymous, intronic and non_coding RNA mutations and saves them into separate files. For indels, the script extracts frameshift and nonframeshift mutations and saves them to a separate file.
130| Add passcode and allele frequencies to the final annotation file. We developed a Perl script (supplementary software) that finds passcodes for each annotated mutation from the input VCF4 file, and calculates allele frequencies for all samples; then, it adds this information to the first two columns of the annotation results file. The number that is input at the end of the following command indicates the number of the columns where chromosome information for each mutation can be found. Fig. 6 ). Uneven pooling can lead to occasional samples with low coverage, which should be removed from downstream analysis (e.g., cell number 46; Fig. 6a,b) . The average on-target performance for this SCS data set in the capture regions was determined to be 65.03%. Using the variants detected in the isogenic population samples, we calculated the technical error rates for each single cell at sites at which both samples had sufficient coverage depth. The mean ADR for the single-cell data was 13.68% (s.e.m. = 0.79%; Fig. 7a ). Next, we calculated the detection efficiency of SNVs in regions in which sufficient coverage (>10×) was found in both the population and singlecell data sets. Our analysis identified an SNV detection efficiency of 82.80% (s.e.m. = 1.9; Fig. 7b ). We calculated the mean false positive error rate to be 4.98e −5 (s.e.m. = 4.175e −6 ; Fig. 7c ). This error rate is drastically reduced (squared) by calling mutations concurrently in two or more single cells. Collectively, these data show that high-coverage breadth data and high detection efficiencies can be obtained using the protocol to perform highly multiplexed single-cell targeted DNA sequencing. accession codes. The data from this project has been deposited in the Sequence Read Archive (SRP058890).
